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Visual object recognition is subserved by ventral temporal and occipital regions of the brain. Regions comprising the dorsal visual pathway have not been considered relevant for object recognition, despite strong categorical biases for tool-related information in those regions. Here, we show that dorsal stream processes influence object categorization. We used two techniques to render prime pictures invisible: continuous flash suppression (CFS), which obliterates input into ventral temporal regions, but leaves dorsal stream processes largely unaffected, and backward masking (BM), which allows suppressed information to reach both ventral and dorsal stream structures. Categorically congruent primes suppressed under CFS facilitate categorization of tools but have no effect on nonmanipulable objects; in contrast, primes rendered invisible through BM facilitate target categorization for both tools and nonmanipulable things. Our findings demonstrate that information computed by the dorsal stream is used in object categorization, but only for a category of manipulable objects. binocular rivalry ͉ continuous flash suppression ͉ dorsal stream ͉ object categorization ͉ tools V isual object recognition is subserved by the ventral visual pathway, which projects from V1 through ventral temporal and occipital structures to anterior temporal cortex (1) (2) (3) (4) . The spatial and visuomotor analyses necessary for grasping and manipulating objects are subserved by the dorsal visual pathway, which projects from V1 through dorsal occipital to posterior parietal structures (1, (5) (6) (7) (8) (9) (10) (11) (12) . The respective autonomy of the computations mediated by the ventral and dorsal streams is well established. For instance, patients with lesions to ventral stream structures may present with visual object agnosia but normal object grasping; in contrast, patients with lesions to dorsal stream structures may present with impaired object grasping and/or manipulation, but intact visual object recognition (1, 9, (12) (13) (14) . It is also known that regions within the dorsal stream that are involved in object directed action show neural specificity for manipulable objects (7, 15, 16) . However, regions comprising the dorsal visual pathway have not been considered relevant for object recognition, despite those strong categorical biases. Here, we show that dorsal stream computations influence object categorization processes, albeit in a highly categorical fashion (i.e., only for objects, like tools, that are manipulable).
CFS (17, 18) , an interocular suppression technique, provides a direct means for testing whether computations mediated by the dorsal stream influence object recognition. It is known that posterior parietal/dorsal occipital regions show greater activation for tool stimuli compared with face stimuli when those stimuli are rendered invisible with CFS, whereas categoryspecific neural responses within the ventral stream to the same stimuli are obliterated (18; see also, [19] [20] [21] [22] . In experiments 1-5, we used this property of the CFS paradigm to demonstrate that information processed by the dorsal stream influences, online, the overt retrieval of semantic knowledge about tools but not nonmanipulable things. In contrast to CFS, stimuli rendered invisible through backward masking (BM) continue to activate regions within the ventral object processing stream (23), and induce priming effects for a range of different semantic categories (24, 25) . In experiment 6, we used this property of BM to show that the same categorically congruent primes used in the CFS experiments facilitate categorization responses for both tool and animal targets.
Results

Category Specific Priming Effects under CFS.
In experiments 1 and 2, participants indicated whether a visible target picture was a tool or an animal by means of a manual button response. Each target stimulus (tool or animal) was preceded by a prime stimulus (duration, 200 ms), that could be either congruent (same category as the target) or incongruent (different category as the target stimulus). Prime stimuli were rendered invisible using CFS by presenting the prime to only one eye, and a dynamic (10hz) random noise pattern to the other eye (Figs. 1 and 2). To avoid low-level visual priming effects, prime and target stimuli (throughout all experiments) were never the same basic level items (see Methods for details). Participants were unaware of both the presence and identity of the primes, as demonstrated by the percentage correct performance of participants in detection (experiment 1) and discrimination tasks (experiment 2) carried out over the prime stimuli [See Table 1 , supporting information (SI) Fig. S1 a and b, and Methods for details].
Analyses of response times to the target pictures in experiment 1 showed that the categorization responses of participants were facilitated by categorically congruent suppressed primes [F(1,30) ϭ 5.90; P Ͻ 0.02; and 2 ϭ 0.164; Fig. 3 ]. Planned comparisons showed that this priming effect was modulated by the category of the target. Participants were faster to categorize a tool when tool primes were presented than when animal primes were presented [t(31) ϭ 3.44 and P Ͻ 0.002; priming effects ranged from Ϫ29 to 104 ms; mean, 18 ms; SEM, 5 ms) but there was no effect for animal targets (t Ͻ 1; mean priming effect, 3 ms; SEM, 5 ms). Experiment 2 followed the same protocol as experiment 1, except that a discrimination task over the primes was used as an index of successful suppression of the prime stimuli (i.e., participants had to decide whether a prime was a tool or an animal; see Table 1 ). The reason for using a discrimination task in experiment 2 (as opposed to a detection task in experiment 1) was to obtain a more stringent measurement of the information that is available from a suppressed stimulus for making a categorization decision. In addition, a different set of animal and tool stimuli was used as primes and targets (see Methods for details). As in experiment 1, the same pattern of semantic priming modulated by the category of the target pictures was observed. Participants were faster to categorize targets in the presence of congruent primes than in the presence of incongruent primes [F(1,11) ϭ 9.42; P Ͻ 0.011; and 2 ϭ 0.461; Fig. 3 ]. Planned comparisons showed reliable semantic priming for tool targets [t(12) ϭ 4.08 and P Ͻ 0.002; priming effects ranged from 1 to 48 ms; mean, 16 ms; SEM, 4 ms) but not for animal targets (t Ͻ 1; mean priming effect, 0 ms; SEM, 6 ms). The data from experiment 2 demonstrate that the category-specific priming effect is obtained for prime stimuli that participants are not able to discriminate as belonging to one or another category.
The findings from experiments 1 and 2 are consistent with the view that information computed by dorsal stream structures affects object categorization and object recognition. In experiments 3-5, we further explored this effect by having participants make verbal responses to target pictures (experiment 3), manual responses to target words (experiment 4), and categorization decisions over tools and vehicles (another nonliving, but nonmanipulable object category; experiment 5).
In experiment 3, we tested whether the effect observed in experiments 1 and 2 could be explained at the level of motorrelevant information, that is, whether the category-specific priming effect is related to motor facilitation at the level of the effectors. Experiment 3 followed the same procedure and used the same materials as in experiment 2, except that instead of responding with a button response, participants pronounced the words ''tool'' or ''animal'' to indicate their categorization decision. Analyses of naming latencies again demonstrated that participants were faster to categorize an object when it was preceded by a congruent prime than by an incongruent prime [F(1, 10) ϭ 4.97; P Ͻ 0.05; and 2 ϭ 0.332; Fig. 3 ; for measures of prime awareness see Table 1 , and Fig. S1c ). Planned comparisons demonstrated reliable semantic priming for tool targets [t(10) ϭ 2.48 and P Ͻ 0.032; priming effects ranged from Ϫ14 to 57 ms; mean, 14 ms; SEM, 6 ms) but not for animal targets (t Ͻ 1; mean priming effect, 1 ms; SEM, 5 ms). These results demonstrate that the scope of category-specific semantic priming induced by CFS is not limited to manual responses, and that, therefore, this priming effect is not reducible to simple motor facilitation.
In experiment 4, we studied whether the results obtained in the previous experiments were due to visual form, or visuo-motor facilitation between the prime and target pictures. Experiment 4 followed the same procedure and used the same materials as in experiment 2, except that participants categorized word targets instead of picture targets. Analyses of button responses once again demonstrated that participants were faster to categorize a target word preceded by a congruent prime than by an incongruent prime [F(1,28) ϭ 4.155; P Ͻ 0.05; and 2 ϭ 0.129; Fig. 3 ; for measures of prime awareness see Table 1 , and Fig.  S1d ]. Planned comparisons demonstrated reliable semantic priming for tool targets [t(29) ϭ 3.66 and P Ͻ 0.001; priming effects ranged from Ϫ46 to 75 ms; mean, 16 ms; SEM, 4.5 ms) but not for animal targets (t Ͻ 1; mean priming effect, 4 ms; SEM, 7.7 ms). These results demonstrate that the priming effect is obtained for primes and targets that share minimal visual characteristics, but nevertheless maintain a semantic relationship.
In experiment 5, we tested whether the observed categoryspecificity of the priming effect depends on contrasting two categories that differ in manipulability (i.e., tools vs. animals), or, Fig. 2 . Experimental design. The experiments consisted of two independent stages, the experiment proper, and a detection (experiment 1) or discrimination (experiments 2-6) task performed immediately after the experiment proper. The procedure for the detection and discrimination tasks was the same as in the experiment proper except that, first, the target picture was not presented; second, participants were fully informed of the presence of a prime stimulus; and third, participants were instructed to perform the task (detection or discrimination) over the prime stimulus. The trial structure for the experiments was the following: (A) for experiments 1-5 a fixation cross appeared on the screen (500 ms), followed immediately by the prime picture accompanied by the first random noise pattern (100 ms), followed immediately by the prime picture accompanied by the second random noise pattern (100 ms), followed by the target picture (3,000 ms or response, whichever came first); (B) in experiment 6, the trial sequence was the following: a fixation cross appeared on the screen (500 ms), immediately followed by the prime picture (35 ms), immediately followed by a black and white random noise mask (100 ms), immediately followed by the target picture (3,000 ms or until the response of participants, whichever came first).
alternatively, whether it is due to the contrast of artifacts (i.e., tools) with natural entities (animals). The same experimental procedure that was used in experiment 2 was used in experiment 5. We also used the same tool stimuli as in experiment 2, but the animal primes and targets were replaced with images of vehicles. As in the previous experiments, participants were faster to categorize a target in the context of a congruent prime, than in the context of an incongruent prime [F(1,18) ϭ 4.12; P ϭ 0.057; and 2 ϭ 0.186; Fig. 3 ; for measures of prime awareness see Table 1 , and Fig. S1e ]. Planned comparisons demonstrated reliable semantic priming for tool targets [t(19) ϭ 2.306 and P Ͻ 0.033; priming effects ranged from Ϫ41 to 152 ms; mean, 23 ms; SEM, 9.8 ms] but not for vehicle targets (t Ͻ 1; mean priming effect, 4 ms; SEM, 8.7 ms). These data suggest that manipulability is the critical dimension underlying the specificity of the observed priming effect.
Finally, in experiment 6 we studied two questions that were left unanswered in the previous experiments. First, are the results obtained in experiments 1-4 because animals and tools, or at least the particular prime pictures that were used, differ in terms of their general ability to lead to priming? Second, can the specificity of the priming effect we have reported be traced to the over-representation of tool knowledge in dorsal structures, and the fact that such structures receive information about CFS suppressed stimuli? To address these questions, we used BM, a technique that is known to elicit priming for a range of categories, including those that are not over-represented in dorsal stream structures, and is known to result in direct activation of ventral stream structures by the prime stimuli.
Priming Effects under BM. Previous research demonstrates that primes rendered invisible through BM lead to reliable semantic priming effects (24, 25) , as well as reduced but significant neural activity in ventral temporal areas (23) . Experiment 6 followed the same protocol and used the same materials as in experiment 2; the only difference was that primes were rendered invisible by using a backward mask. Primes were presented for 35 ms, immediately followed by a high-contrast noise-pattern mask that stayed on the screen for Ϸ100 ms (See Fig. 2B and Methods for details). The analysis of the response times to target pictures showed once again that congruent primes facilitated object categorization [F(1,6) ϭ 46; P Ͻ 0.001; and 2 ϭ 0.885; Fig. 3 ; for measures of prime awareness see Table 1 and Fig. S1f ). In contrast to experiments 1-4, planned comparisons demonstrated reliable priming for both tool and animal targets [for tool targets: t(7) ϭ 2.94 and P Ͻ 0.022; priming effects ranging from Ϫ1 to 29 ms; mean, 12 ms; SEM, 4 ms; and for animal targets: t(7) ϭ 3.24 and P Ͻ 0.014; priming effects ranging from 1 to 43 ms; mean, 18 ms; SEM, 6 ms]. The results from experiment 6 indicate that the prime pictures used in experiments 1-4 do not differ in their general ability to elicit priming. Also, they suggest that the category-specific nature of the priming effects obtained under CFS is related to the over-representation of tool properties in the dorsal stream, and to the fact that such dorsal stream structures receive information about CFS suppressed stimuli (18) (19) (20) (21) (22) .
Discussion
The results presented in this report constitute a previously undescribed demonstration of high-level priming induced by Average percentage correct performance, SD, SEM, and the range of scores (maximum and minimum individual scores) for each experiment. For experiments 1-5, these scores correspond to the performance for the contrastlevels of the primes that were included in the analysis of the data. The same contrasts were selected when d-prime measures (instead of percentage correct) was used. For data from individual participants see Fig. S1 . CFS, or interocular suppression techniques more generally (26) (27) (28) . Previous attempts to obtain high-level priming effects with interocular suppression techniques may have failed because they did not distinguished between stimuli that do (i.e., tools) and do not (i.e., animals, vehicles) have strong representations in the dorsal object processing stream. In Fig. 3 , we summarize the results of experiments 1-6: categorically congruent primes rendered invisible through CFS facilitated categorization responses for tool but not animal or vehicle targets, when compared with categorically incongruent primes. These results are robust across different stimuli, measures of prime awareness (detection vs. discrimination), modality of response (manual vs. vocal), target format (picture vs. written word), and semantic category contrasts (tools vs. animals and tools vs. vehicles). In contrast, the same categorically congruent primes rendered invisible through BM facilitated categorization responses for both animal and tool targets.
The overall pattern of results indicates that semantic priming effects are modulated by interactions between the content of the stimulus and the computations that it engenders. Specifically, the dimension of ''being a manipulable object'' seems to be critical for priming effects to be induced by CFS suppressed stimuli. The pattern of results obtained suggests that dorsal stream computations mediating object directed action influence object recognition processes for manipulable objects.
An important issue that is raised by the findings that we have reported concerns the nature of the information that is processed by dorsal stream structures, and which ultimately affects object recognition processes. The tool stimuli that were used in these experiments all had an elongated principal axis. Thus, one issue that arises is whether similar effects would be observed for manipulable/graspable objects that do not share this visuo-motor characteristic (see ref. 15 for discussion). More generally, our findings raise questions about whether dorsal stream structures represent detailed and ''abstract'' knowledge about visually presented objects. For instance, it could be argued that the information computed by the dorsal stream that is relevant for observing priming from CFS stimuli is relatively abstract and concerns the category membership of the stimulus. However, as discussed above, neuropsychological evidence indicates that patients with lesions to ventral occipital-temporal regions can have profound difficulties naming objects, but unimpaired visuomotor abilities with the same objects (e.g., patient DF; 1). Those data place an important upper boundary on what the dorsal stream can be assumed to represent about an object, at least as that information is explicitly available to individuals/patients. Nevertheless, our findings, and the experimental paradigm we have presented, offer a previously undescribed way of studying these issues in the normally functioning and intact brain.
Whereas there is a range of evidence (both behavorial and physiological) with human and nonhuman primates demonstrating that binocularly suppressed stimuli have different effects on ventral and dorsal stream structures (18, (19) (20) (21) (22) , much remains unknown about how information reaches dorsal stream structures. One possibility is that information reaches the dorsal processing stream through subcortical routes (18, 20) . An important possibility opened up by our findings is that information arriving through subcortical structures is filtered along lines that map onto conceptual categories. Consistent with this hypothesis, Pasley et al. (20) found that suppressed emotional faces activated the amygdala, and that the provenance of this activation could be traced to the superior colliculus. Of particular relevance to the present study is the fact that regions within the posterior parietal cortex are the target of projections from the superior colliculus (29) . Another possibility is that stimuli are not filtered along categorical lines within subcortical structures, but are rather sorted based on the response preferences of the cortical regions that receive subcortical input.
Our findings also indicate that there is more than one way in which an object may be invisible. By rendering stimuli invisible with CFS and BM, we took advantage of the different kinds of information that became available to cognitive systems in each technique. We believe that these differences in the availability of information are responsible for the dramatic disparity in subsequent behavior, including high-level decisions, observed in our experiments. Along the lines of the distinction advanced by Dehaene et al. (30) between unconscious and preconscious processes, it is possible to distinguish different types of unconscious processes according to the pathways that information takes from the eye to the cortex.
Methods
Participants and Apparatus. For this study, 114 Harvard University undergraduate students participated in the experiments in exchange for course credit or payment (32 participated in experiment 1, 13 in experiment 2, 11 in experiment 3, 30 in experiment 4, 20 in experiment 5, and 8 in experiment 6). All participants had normal, or corrected to normal vision and gave written informed consent. The project was approved by the Committee for the Use of Human Subjects at Harvard University. All participants were right handed (Edinburgh Handedness questionnaire), and were naïve as to the experimental hypotheses.
All experiments were run on a Dell PC, with a ViewSonic ultrabrite A90ϩf monitor. The monitor refresh rate was 100 Hz for experiments 1-5 and 85 Hz for experiment 6. Stimulus presentation was controlled by DMDX (31) . The tool and animal pictures that were used in the experiments have been described elsewhere (15) . The vehicle pictures were obtained from the internet.
Continuous Flash Suppression.
For experiment 1, 10 pictures were selected as experimental stimuli, five animals and five tools (as defined in ref. 15 ). For each category, one of the pictures was selected as a prime, whereas the others were used as targets. For experiments 2-3, 16 pictures were selected as experimental stimuli (eight animals and eight tools). In experiment 5, we used the same tool pictures, and we selected eight pictures of vehicles as experimental stimuli, replacing the animal pictures. For each category, half of the items were selected to be targets, whereas the other half was selected as primes. Care was taken so that the selected primes for experiments 2, 3, and 5 were not used as primes in experiment 1, and the targets were not used as targets in experiment 1. The stimuli were presented centrally, and subtended Ϸ7°of visual angle; 70% additive noise was added to the target stimuli by using Photoshop, to avoid ceiling performance. For experiment 4, the words corresponding to the picture targets used in experiment 2 were used as targets, whereas the same prime pictures were used as in experiments 2-3. Participants were seated comfortably, and at a distance of Ϸ50 cm from the screen. Experiment 1 was run by using four levels of contrast for the primes, whereas experiments 2-5 were run by using three levels of contrast for the primes. For experiments 1-5, there were four targets per category that were presented with either one (experiment 1) or four categorically congruent primes (experiments 2-5), and one or four categorically incongruent primes. These stimuli assignments were repeated 10 times in experiment 1, for a total of 160 trials per contrast level (640 total trials), and three times in experiments 2-5, for a total of 192 trials per contrast level (576 total trials).
For experiments 1-5, the contrast of the prime pictures was adjusted for each participant so that prime invisibility was successfully achieved. Percentage correct performance of participants on the prime detection or discrimination task was used to select, offline, the particular contrast level for the main analysis of the experiment proper. For all experiments, the highest level of contrast for which the performance of participants was not above chance, as defined by a z test for one proportion (exp. [1] [2] [3] [4] [5] , and for which discrimination was not different between the two categories, as determined by a z test for two proportions (experiments 2-5), was selected for the main analysis. The data for participants whose performance in the detection or discrimination tasks did not meet specified criteria for inclusion for any of the contrastlevels of the prime stimuli were discarded.
For experiments 1-5, after completing the experiment, participants performed a prime detection (experiment 1) or discrimination task (experiments 2-5) by using the same contrast levels that were used during the experiment (Table 1 ). In the detection task after experiment 1, the two primes (one animal, one tool) were repeated 12 times; 24 random patterns without prime pictures were used as noise alone trials. This trial set was repeated for each contrast level. Participants were asked to indicate if they detected something other than the noise patterns. In experiments 2-5, each prime was repeated 10 times, for a total of 80 trials per contrast level. Participants were asked to categorize, to the best of their ability, the primes as animals or tools.
BM. Experiment 6 used the same stimuli as experiment 2. We added 70% additive noise to the prime stimuli by using Photoshop to facilitate masking. A black and white backward mask was generated, by using the same algorithm that was used to generate the high-contrast random noise patterns for CFS. Experiment 6 followed the same design as experiments 2. The discrimination task was the same as that used in experiments 2-5, as well as the criteria for prime invisibility.
Analyses. For all six experiments, a 2 (Target Category, animals vs. tools) X 2 (Prime Category, animals vs. tools) ANOVA was performed. The F values for the interaction between these two factors are reported. Planned comparisons were performed over the two-way interaction between target category and prime category, for each target category.
